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BIDIRECTIONAL REFLECTANCE DATA
FOR ENGINEERING MATERIALS
1.0 INTRODUCTION
The transfer of energy from one surface to another by
means of thermal radiation is highly dependent on the
properties of the surfaces involved. The properties commonly
used in heat transfer calculations include emissivity,
absorptivity, transmissivity, and reflectivity.For real
materials, each of these properties is likely to be both
spectrally (wavelength) dependent and directionally
dependent.
The subject of this thesis is the spectral,
bidirectional reflectance distribution function.This is a
form of reflectivity in which both the spectral and
directional dependencies of both the beam incident on a
surface and the beam reflected from the surface are defined.
It is arguably the most basic of all radiation properties
[Modest, 1993].An understanding of this property begins
with its definition.2
Bidirectional reflectance (Figure 1.1) is defined as
the ratio of the reflected intensity divided by the incident
partial flux (nomenclature is listed in Appendix A):
,Or4)r) px (Oi,(1)i, Or,,Or) 26(ei 4)i)COS eidti5
where P X(ei)(0i5Or,(1)r)is the bidirectional
spectral reflectance (Sr-').
Ir X(8.0. er, ,r) is the directional
spectral reflected intensity
and NO.1,S.1 )cos0.do) is the partial flux
incident on the surface (W-m-2).
There are several features of this definition which are
worth noting.First, although the nomenclature varies
between texts, this is a standard definition of
bidirectional reflectance [Modest, 1993; Seigel and Howell,
1972].Second, this definition may result in values of
bidirectional reflectance greater than one.One way to
visualize this is to realize that the numerator in this
definition represents "...the hemispherical flux that would
be reflected if the reflected intensity field were diffuse3
reflected radiation
incident radiation
Figure 1.1A Diagram of Bidirectional Reflectance.The
angles measured from the surface normal are referred to
as polar angles.Those in the plane of the surface are
azimuthal angles.A variation in nomenclature used in
this text is to define the incident azimuthal direction
as zero so that there is only one azimuthal direction to
consider, the reflectance azimuth angle.
with a magnitude of I,"[Brewster (1992)].The third point
to note about this definition is that it does not include
polarization of the radiation (both incident and reflected)
as a variable.Polarization effects do exist and are
manifested in the relationship between the incident and the
reflected polarization.
The nomenclature used in this text conforms with that
generally used in the field of radiative transfer.A few4
definitions are worth pointing out as they are used
extensively throughout the text:
1. BRDF is the Bidirectional Reflectance Distribution
Function as defined above.
2. Incident angle is the polar angle of the incident beam;
i.e., the angle between the incident beam and the surface
normal.It has a range of 0-90°.
3. Reflected polar angle is the angle between the surface
normal and the direction of reflection.It has a range
of 0-90°.
4. Azimuthal angle is a direction in the plane of the
surface being studied.The incident beam direction is
used as a reference (0°)and the azimuthal angle has a
range of 0-360° (Note: this is a simplification of the
standard nomenclature shown in Figure 1.1).
When equations are used, the double-prime superscript means
bidirectional, the subscript lambda means that the quantity
is spectral (only a single wavelength is being considered),
and the subscripts i and r mean incident and reflected
respectively.
In the chapter that follows, the background of
bidirectional measurements is reviewed.This includes some5
information about the utility of BRDF data, the types of
problems for which BRDF data have been used in the past, how
the data have been collected, reduced, and presented, and
some of the limitations of previous work in this area.
Chapter 3 describes the design and construction of a general
purpose bidirectional reflectometer.In Chapter 4 the
alignment and calibration of the measurement system are
described and some sample results of bidirectional
reflectance measurements for a striated surface and a
quasi-diffuse surface are presented.In chapter 5 some
analytical treatments are developed to put bidirectional
data into a form which can be used in radiative transfer
models.Finally, in chapter 6, some conclusions are
presented about the value of including bidirectional data in
radiative transfer analysis in light of the demonstrated
"cost" of acquiring and preparing the data.6
2.0 BACKGROUND
2.1 Bidirectional Reflectance
One reason that BRDF is considered a fundamental
property is that some other important radiative transfer
properties can be obtained from it.For example, the
directional-hemispherical spectral reflectivity is obtained
by integrating BRDF over the entire hemisphere into which
reflection can take place:
px(0i,=fiet.0 .1.2070px(13i,$i, Or, 00600
From this, the directional-h.emispherical, spectral
absorptivity can be obtained for an opaque surface according
to:
I/
ax(0i,Oi)=1- px(0i,4)i)
Similarly the hemispherical-directional-spectral, and
the hemispherical-spectral reflectivities and absorptivities
can be obtained.Also, by integrating over wavelength,
total quantities of reflectivity and absorptivity can be
obtained.7
In addition to being important as a fundamental
property, consideration of bidirectional reflectance is
important because of the variation that exists in the
surface properties of engineering materials.Consider the
following four cases (listed in order of increasing surface
property complexity):
1. A diffuse surface
2. A highly specular surface
3. A quasi-specular surface
4. A striated surface
Schematic diagrams indicating the nature of reflections from
these types of surfaces are shown in Figure 2.1.
In the case of the diffuse surface, the simplest of
surface properties modelstotal hemispherical reflectivity
is appropriate.A diffuse gray surface has no directional
or spectral variation.
If the reflection from a surface is assumed to be
specular (i.e. mirror-like), then ray tracing may be used to
provide the directional information required for radiative
transfer analysis; the angle of incidence is equal to the
angle of reflection and by definition there is no diffuse8
ti/
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DIFFUSE REFLECTION
QUASI-SPECULAR REFLECTION
REFLECTION FROM A STRIATED SURFACE
Figure 2.1Reflection Patterns from Four Types of
Surfaces.9
reflection.With the directional information defined by the
fact of specularity, a hemispherical reflectance value could
be used to obtain the correct quantity of reflected energy
thus fully defining the nature of any reflections from that
surface.
Examples of a "quasi-diffuse" surface include various
types of flat paint and surfaces which have been
sand-blasted smooth.The reflectivity of this type of
surface changes dramatically with incident angle.Typically
the reflection is diffuse-like for incident angles that
range from normal to the surface to about seventy or eighty
degrees from normal.However, as the incident beam
approaches grazing angles, the reflection takes on a very
specular character.In this case bidirectional reflectance
information of some type is essential to reasonably model
the surface properties.
The final case is that of a striated surface. This is a
surface in which there exist numerous parallel grooves or
striations.Examples of engineering material that have this
type of surface include most extruded materials, brush
finished material, or material that for one reason or
another was finished by uni-directional sanding or grinding.
Reflection from striated surfaces is a very clear example of10
Figure 2.2Reflection from a Striated Surface.This
photograph is of the reflection from a laser beam
incident on a piece of extruded aluminum.Both polar and
azimuthal variation in bidirectional reflectance are
clearly evident.
a fully bidirectional function.For an incident collimated
(non-diverging) beam, the reflection takes the form of a
well defined arc.The curvature of the reflected arc is a
function of incident angle and the width (spread) of the
reflected arc is a function of the groove size.Examination
of the photograph in Figure 2.2 makes clear the
bidirectional dependence of reflectivity for extruded
aluminum.11
Having shown that the bidirectional reflectance
function is a fundamental property and that it is required
to accurately describe or model surface properties of many
common engineering materials, it would seem that there
should be volumes of data available for use in design and
analysis.In fact, very little bidirectional data are
available to aid the engineer in evaluating radiative
transfer involving real surfaces.There are at least three
possible reasons for this lack of data:
1. In the recent past, the quantity of data required
for a complete BRDF characterization would have been
overwhelming.Even with a fairly coarse resolution
of five-degree increments (for both incident and
reflected beams and for both polar and azimuthal
angles), the total number of readings required is
nearly 1,300 for each incident angle or a total of
over 1.6 million for the entire data set, and that
is for only one wavelength!
2. Even if the data were available, there remains the
question of how to present and interpret it.
3. The use of the less voluminous directional
hemispherical data has served engineers well in the12
past.It has only been in fairly recent times and
for special circumstances that engineers have felt
the need to use any bidirectional data at all.
2.2 History of BRDF Measurement and Use
An indication of the importance of BRDF as a property
is given by the fact that there are literally hundreds of
archival publications describing methods for analytically
estimating reflectivity, explaining and modeling the effects
of variables like surface roughness and polarization, and
describing the results of experimental measurement of
reflectance properties.One excellent reference for work in
the field of bidirectional reflectance is a bibliography
prepared by Richmond and Hsia for the National Bureau of
Standards [Richmond and Hsia, 1976].Another is the
compilation of surface properties, including reflectance and
emittance properties for a large number of materials,
prepared by Touloukian [Touloukian, DeWitt and Hernicz,
1970].
Although analytical methods have been developed for
predicting surface properties [Brewster, 1992; Bohren and
Huffman, 1983], their application is often of limited value13
for use with materials that have been abraded, oxidized, or
had some other action which has changed the surface
properties.In these cases, experimental data are required.
There have been numerous devices built for measuring
bidirectional reflectance, virtually all for a very specific
application.For example, BRDF has been measured for
surfaces contaminated with CO2 cryofilms [Smith and Wood,
1975; Roux and Smith, 1985], electrochemically deposited
rough metal surfaces [Alexander, Sikkens, and Boose, 1984],
black cobalt selective coatings by spray pyrolysis
[Choudhury and Sehgal, 1982], sintered-metal and wire-screen
surface systems [Herold and Edwards, 1966], satellite
materials [Keating and Mullins, 1964], and healthy green
soybean and corn leaves in vivo [Breece and Holmes, 1971].
Although most of these investigations have used
bidirectional measurement systems tailored specifically to
one type of measurement,considerable progress has been
made over the last three decades towards the design of a
fast accurate system which will make BRDF data readily
available for use in engineering analysis.However, that
goal has not yet been achieved.14
In large part, it is because of the large volume of
data involved that engineers have neither obtained nor
developed methods for using BRDF data.However, now that
automated data collection and reduction systems are readily
available along with powerful graphics packages and the
power to extend Monte Carlo radiation codes to include
surface properties, that goal of making these fundamental
surface property data a part of standard engineering
analysis is achievable. Some of the features that should
be a part of a complete bidirectional reflectance package
that is accurate, easy to use and readily adaptable to
different engineering requirements are:
(1) A flexible, automated BRDF measurement system which
includes features such as(a) complete hemispherical
coverage without having to interrupt measurements to
rearrange the source, sample, or sensor;(b) high
sensitivity for use with low reflectance materials;(c)
the ability to easily use virtually any type of source
for the incident beam; and (d) direct reading of the
four angles that define incident and reflected
directions.
(2) A method of data presentation which allows immediate
interpretation of the BRDF data, one from which even a15
non-expert can quickly understand the nature of a
material's reflectance properties.
(3) A way to condense the voluminous quantities of data into
a compact form which can be put in terms of a
probability distribution function for use in a Monte
Carlo code.
In the paragraphs that follow, previous work done in
measurement of bidirectional reflectance is described in
terms of several specific research efforts spanning a period
of nearly three decades.Through this brief review, the
place of the work being presented in this thesis should
become apparent.
In a 1964 NASA report, the measurement techniques used
to determine bidirectional reflectance of coatings for the
Explorer IX satellites was described along with the results
[Keating and Mullins, 1964].This is one of the earliest
works in which the motivation for measurement of
reflectances was to determine the effect of solar radiation
on the flight path of a satellite.
The apparatus used for these measurements was a manual
monoplane goniophotometer developed by the National Bureau16
of Standards.Originally designed to measure reflectivity
in the plane defined by the incident beam and a line normal
to the surface of interest, this device was modified to
allow azimuthal variation as well.The source of radiation
was a tungsten filament at 2,854K.The light was focused to
pass through an aperture and then collimated to become the
incident beam.Two samples were studied: white epoxy paint
and polished aluminum.The sensor was a phototube which was
used directly for low level measurements (diffuse
reflection) and which was used with an integrating sphere
for high level (specular reflection) measurements.
As an example of the challenges associated with using
this instrument (and others in which the source andsensor
are fixed with only the sample being rotated), consider the
requirements of correctly setting the incident beam and
sensor (reflected beam) angles.This goniometer was
designed in such a way that the three angles to be set did
not correspond directly to the angles used in the definition
of BRDF.The BRDF angles (as defined in Figure 1.1)were
selected and then the three goniometer angle settingwere
calculated as follows:
1
o'11c [(cos O. )(cos Or) + (sinOd(sinOr)(cos17
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Because of the difficulties involved in using this
apparatus and reducing the data, the points at which data.
were to be taken were selected carefully.A total of 80
readings was taken for each sample.This small number was
determined to be the minimum required, taking advantage of
reflectance symmetry for the samples being studied andan
advance knowledge of the location of diffuse and
specular-like reflections.
The results of this work are impressive giventhe
equipment available.Data are presented in 2-D polar plots
(both single-case plots and contour plots)to show azimuthal
variation in BRDF.These plots, which are much easier to
interpret than the more typical cartesian plots,are easy
to interpret for any single incident angle butare not easy
to interpret in terms of the overall reflectance
characteristics of the sample.
The total quantity of data reported in thispaper is
small.The reported uncertainty is estimatedto be 5%, and
the only reported use of the datawas to draw the18
qualitative conclusions that (1) epoxy paint is a
diffuse-like reflector that gets more specular-like as the
angle of incidence increases, and (2) polished aluminum is a
specular-like reflector with a small diffuse component.No
effort was reported to put the data into any form other than
"raw" BRDF data.
Although this was a very well done series of
measurements, the tools did not exist at that time to
collect a large amount of data, to display it in an easily
interpreted fashion or, more importantly, to make full use
of it in engineering analysis and design.
Three years later, in 1967, Miller and Von Kannon
reported on a newly built bidirectional reflectometer
[Miller and Von Kannon, 1967]. No specific purpose other
than the development of a better reflectometer was reported.
The innovative feature of this device was the use of a beam
splitter in the reflected beam path.This allowed
measurement of reflected energy in the same directionas the
incident beam, something not available on most other
reported reflectometers either before or since.Also
reported in this paper was the use of a computerprogram for
data reduction, specifically the integration of
bidirectional data to get hemispherical data for comparison19
with experimentally measured hemispherical reflectivity.
However, as with the device used by Keating and Mullins,
this new apparatus was difficult to use, the data were
reported in the form of a series of two-dimensional
cartesian coordinate graphs, and no mention was made of
plans to use the data in any but their original form.
Also in 1967, a report on experimentally determined
biangular reflectance was published by Torrance and Sparrow;
this paper has become something of a seminal paper on
bidirectional reflectance [Torrance and Sparrow, 1965].The
subject of their measurements was magnesium-oxide, an
electric non-conductor which has a very high, almost purely
diffuse reflectance.
The apparatus used in their work differed substantially
from the two previously discussed devices.In this case,
the incident beam was focused onto the sample (as opposed to
being a collimated beam), the sample was rotated relative to
fixed source and sensor positions using a multiple-yoke
device, and the sensor was a spectrophotometer.As with the
previously described devices, the optical path from source
to sample and from sample to sensor was not direct.
Numerous mirrors and lenses were used to focus and direct
the radiation in appropriate directions.Also, since the20
source and sensor were fixed and all angles were determined
by rotation of the sample only, spherical trigonometry was
required to relate the angular settings of the goniometer to
the angles used in the definition of reflectance.This is
exactly analogous to the equations previously shown for
positioning a sample in the apparatus of Keating and
Mullins.
The results were presented as two-dimensional graphs
using rectangular coordinates. The authors made clever use
of symbols to put multiple data sets on a single graph. The
abscissa was the incident polar angle, the ordinate was
BRDF, and each data point was a circle which was either
solid or outlined (corresponding to two different azimuth
angles) and had a flag which, according to its position on
the circle, indicated the reflection polar angle.Although
a lot of data can be presented on each graph using this
technique, it takes a fair amount of study to be able to
develop a corresponding mental image of the shape of the
reflectance function.Once again, no mention was made of
how the data might be used beyond a qualitative evaluation
of reflectance features of the material.
It is interesting to note that the device just
described was also used by Birkebak and Eckert to measure21
the effect of roughness on the BRDF of metal surfaces
[Birkebak and Eckert, 1965].The resulting paper originally
used a different definition of reflectance than that of
Torrance and Sparrow, but in the reviewer's discussion
section of this second paper (Sparrow was a reviewer!) the
form proposed by Torrance and Sparrow was determined to be
preferable.
Nearly a decade after the work by Torrance and Sparrow,
a detailed review of bidirectional reflectometry [Nicodemus,
Richmond, and Hsia, 1977] and an in-depth report on a new
reflectometer design [Hsia and Richmond, 1976] was published
bythe National Bureau of Standards (now NIST).The goal
of this effort by the Bureau was to meet the first of the
requirements for making BRDF more readily available as a
standard engineering toolto develop an accurate,
reliable, fully automated BRDF measurement system.This
report begins by identifying key criteria for BRDF
measurement equipment.It then goes on to describe the new
reflectometer design, provides a detailed description of the
operation of this system, and then presents results of
measurements for 15 differently prepared surfaces along with
a detailed error analysis.22
This new design for a reflectometer incorporated
several important advances over previous work.It was
designed specifically for use with a laser source.A
rotating mirror/chopper was used to provide a means of
continuously monitoring the incident beam intensity.The
goniometer featured stepper motors to accomplish rotation of
the sample so that data collection (in polar angles) was
fully automated.Also, the ratioing of incident to
reflected intensity to obtain BRDF was done as part of the
data collection process using analog electronics rather than
doing it numerically after the data were collected.This
was possible because the mirror/chopper unit split the
incident beam into two equal intensity beams one of which
went directly to a sensor.The other went to the sample and
the reflected beam was detected by a sensor identical to the
one used for the incident beam.Since the two sensor
outputs represented the denominator and numerator of the
BRDF respectively, they could be ratioed electronically to
yield the intensity ratio portion of BRDF before sending the
signal to the voltmeter (obtaining actual BRDF values
required that geometric considerations be incorporated
numerically during data reduction of the voltmeter output).
Although this device represented substantial advances
over previous BRDF measurement systems, there are still23
several inherent features which make it less than optimum
for collecting full BRDF data sets.First, it was designed
to collect data which was azimuthally symmetric. The azimuth
angle could be changed but required that the sample be
removed from its holder, rotated, and then reinstalled.
Also, as with previously described instruments, the source
was fixed and the sensor moved in only one plane with the
result that the angles set on the instrument do not
correspond directly to the polar and azimuthal angles used
in the definition of BRDF.
The results of measurements taken using this apparatus
are impressive in their quantity.Still, though, they are
presented as two-dimensional graphs.In this case the data
are presented on rectangular coordinates as a family of BRDF
curves which are functions of incident polar angle.Each
curve represents a different reflected polar angle and a
broken scale is required to cover the range of reflectances
measured.These plots are no easier to interpret than
previously published results.
In summary, this device was well suited for its stated
design purpose,the measurement of BRDF for materials which
are essentially isotropic.It is not as well suited for24
measuring properties of materials which may not have
inherent azimuthal symmetry.
The most recent BRDF measurement system to be reviewed
is one built by De Silva and Jones for the purpose of
measuring the BRDF of solar collector materials [De Silva
and Jones, 1987].Two key advances were made in this
system: A photodiode was used as the sensor and, because
this small sensor was available, it was reasonable to move
the sensor in two dimensions.This allowed the goniometer
to be designed so that angle settings on the device
correspond directly with the usual BRDF angles.
The reported results using this device were comparable
with those previously reported and the data followed the
form of a family of curves on a two-dimensional rectangular
graph.Although no innovations on collecting, displaying,
or using the data were presented in this paper, the
substantial improvement in goniometer design contributed
significantly to the goal of having a simple, reliable BRDF
measurement system.
In summary, progress has been made in the ability to
collect and use bidirectional reflectance data but we are
still quite far removed from having and using these types of25
data as a standard part of analysis and design involving
radiant heat transfer.It has been successfully
demonstrated that the collection of BRDF data can be
automated, but the systems used are complex in both their
construction and their operation.26
3.0 DESIGN OF A BRDF MEASUREMENT SYSTEM
In this chapter, the process of designing a BRDF
measurement system and the specific design that resulted are
described.Details of the basic design considerations, the
decisions that resulted in compromising one aspect or
another of the system, and the final design of the BRDF
measurement system are presented.As described in Chapter
2, numerous BRDF measurement systems have been built in the
past.Here, details of the differences between previously
developed systems and the system designed for this research
are presented, along with an explanation of the significance
of those differences.
3.1 General Considerations
The BRDF measurement system can be considered in terms
of four subsystems: the radiation source, the goniometer,
the sensing system, and the data collection and reduction
system (Figure 3.1).The source provides the beam of
radiation incident on the sample for which BRDF is to be
measured.The goniometer is the device responsible for the
relative positioning of the incident beam, sample, and the
sensor.The sensing system includes the actual sensing
device, any required power supplies and amplifiers, and the27
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Figure 3.1 Measurement System Subsystems.
device used for reading the sensor output.The data
collection and reduction system is composed of a computer
and associated software which takes data directly from the
sensor readout device, stores the raw data, and calculates
and stores BRDF values.
As would be expected, these subsystems cannot be
designed independently of one another;there are a number
of constraints which reflect conflicting subsystem goals.
The single most important consideration stems from the
geometry which relates the source beam, the sample which is
being irradiated, and the sensor.28
Shown in Figure 3.2, are three ways in which the
geometry of the source, sample and sensor could be arranged.
In the first case, the source is focused to provide a finite
area of illumination smaller than the sample area and the
sensor is configured to accept reflection from the entire
area which is illuminated.This approach presents
difficulties when the incident angle is large; the area
illuminated by the beam will at some point exceed the sample
areas.
The second approach is to illuminate the entire sample
but to use a focused collecting beam. The difficulties
associated with this approach stem mainly from the optics
required.Since the sensor has a finite area, it must be
located at some point behind the focal point of the focusing
lens.This results in paths for stray reflections which may
affect the measurements of interest.
The third approach is to use a beam which illuminates
the entire sample and a 'bare' sensor.In this case there
are no difficulties with geometry, but care must be taken to
eliminate stray reflections which will occur due to the
incident beam illuminating surfaces around the sample of
interest.29
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Figure 3.2Source-Sample-Sensor Geometry.30
A detailed discussion of the problems of
source-sample-sensor geometry is contained in the National
Bureau of Standards publication on general considerations
for reflectance [Nicodemus, Richmond, and Hsia, 1977].As
will be described in the following paragraphs, it was the
last of the three approaches presented that was selected for
this work.A discussion of how this approach was
incorporated into the design of a BRDF measurement system
will be presented following a brief listing of other design
considerations for each of the four major subsystems:
Source Considerations: Required intensity of
incident beam; uniformity across the incident
beam; spectral content; geometry (collimated beam
vs. point source vs. large diameter area source);
physical arrangement; complexity and cost of
source equipment.
Goniometer: Overall size; what items (sample,
sensor, source) to position and what to leave
stationary; required accuracy of positioning; ease
of sensor calibration; adaptability for
automation; adaptability for phase function
(bidirectional transmissivity) measurements; cost
of manufacturing.31
Sensor: Size; sensitivity; linearity; range;
spectral behavior; power requirements;
instrumentation requirements; cost.
Data Collection and Reduction: Degree of
automation in data collection; nature of data to
be recorded; use of reduced data for selecting
subsequent data collection points (i.e. variable
grid data collection); cost of automation.
As is true of most designs, the final BRDF measurement
system was the result of an evolutionary process based on
both ideas and experiments.Numerous configurations were
tried on paper and two precursors to the final system were
actually built. The key decision that resulted from this
process was that of keeping the radiation source physically
independent of the rest of the measurement system.This
means that virtually any type of source can be used with the
rest of the system because the source is mounted directly on
the optical table and is not required to rotate or translate
in any direction relative to the sample or sensor.It also
means that the sample and sensor must rotate about two axes
each in order to provide full hemispherical coverage for the
bidirectional data.32
A description of how each subsystem was developed along
with details of the final design are presented in the
sections that follow.
3.2 The Radiation Source
There are numerous options for an appropriate source of
radiation including the various types of lasers,
quartz-tungsten-halogen (QTH) bulbs, mercury vapor lamps,
carbon arc lamps, black body sources, etc.The key
considerations when selecting the source of radiation stem
from the nature of the BRDF measurements to be made and the
equipment available for sensing.The source must provide
radiation in the spectral range of interest with an
intensity great enough that accurate measurements can be
made with the available sensing equipment.
In the case of this research, the BRDF data were
acquired for use as input information to a Monte Carlo code
simulating radiative transfer through an array of discrete
surfaces.Since the simulation was to model geometric
effects only, the properties of interest in the model were
reflection and absorption;emission of radiation not only
was not of interest, but was to be avoided as a confounding33
effect.This constraint meant using radiation with a
frequency higher than that of thermal radiation, i.e. with a
wavelength shorter than about 1000 nm.The final decision
was to use a monochromatic source of radiation in the
visible region for the reasons that (a)it met the criteria
just stated,(b) there are numerous potential sources for
visible radiation,(c) limiting spectral content to one
frequency minimizes the quantity of data required to
characterize a surface's BRDF, and (d) qualitative analysis
of reflectance is possible because visible radiation is
easily photographed.
When doing BRDF measurements, the incident beam must be
well characterized in terms of spectral content, uniformity
of intensity across the beam, and overall beam shape.The
most desirable characteristics would be to have uniform
intensity over all wavelengths of interest, a completely
uniform intensity beam, and a fully collimated beam with a
cross section large enough to completely illuminate the
largest sample to be studied.With these characteristics in
mind, a major criterion in the evaluation of potential
sources was the ease of transforming the source output into
a collimated, uniform-intensity beam appropriate for use in
the BRDF measurement system.34
The source that was ultimately selected was a
Helium-Neon (He-Ne) laser operating in the red region of the
visible spectrum with a wavelength of 632.8 nm.Before a
final decision was made, however, other potential sources
were evaluated.
Within the visible range, a variety of non-laser
potential sources were considered.Typical curves showing
intensity vs. wavelength for some of these sources are shown
in Figure 3.3.The mercury lamp output is seen to be a
series of fairly sharp peaks while the xenon and
Quartz-Tungsten-Halogen (QTH) sources are smoother over a
wide range of wavelengths.For all three types of light
sources, however, it is clear that some means of filtering
must be used to obtain a monochromatic source.
In addition to the requirement that filters be used, there
are some difficulties involved in obtaining a uniform
intensity beam.Each of these sources deviates
substantially in some way or another from being a point
source.For example, the QTH bulb radiates from a coiled
filament.This results in a very non-uniform intensity beam
if the bulb output is used directly.In one experiment,35
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Figure 3.3Wavelength Dependent Sources.Intensity is
a function of wavelength for many possible sources of
radiation including the Xenon, Mercury, and
Quartz-Tungsten-Halogen lamps shown [Oriel, 1989].
the beam was focused through a point and then collimated
into a two inch diameter beam which, when projected onto a
white surface, showed the filament structure of the bulb in
great detail.
A good solution to this problem is to put the
non-uniform source into an integrating sphere (a hollow
sphere coated on the inside with a highly reflective
material).Any radiation that is allowed to exit the sphere
through one of its ports is then very uniform in intensity;
it is in fact the equivalent of a perfectly diffuse emitter.36
However, this approach was not pursued as the option of a
laser proved to be very acceptable.
The final choice, an optically modified laser beam, was
selected as being the easiest to work with and least
expensive.The output of a laser is considered
monochromatic for our purposes and, after experimenting with
a range of wavelengths over much of the visible spectrum it
appeared that it would make little difference which
wavelength was chosen.For reasons ofready availability
and low cost, the wavelength of 632.8 nm corresponding to
HeNe lasers was selected.
The diameter of a laser beam is typically on the order
of a few millimeters.Also, the intensity of a laser beam
typically varies across the beam diameter with what is
approximately a gaussian distribution.To achieve the goals
of a larger diameter, uniform intensity beam, the laser
output was modified optically as shown in Figure 3.4.The
beam is first put through a spatial filter.This involves
focusing and positioning the beam so that at its smallest it
passes through a 3 micron diameter pinhole.On the other
side of the pinhole the beam is allowed to expand to
approximately 50 mm and is then directed through a
collimating lens resulting in a large diameter beam with a37
(4)
Figure 3.4Optical Path for Laser Beam.The beam exits
the HeNe laser (1), is focused through a 3 micron pinhole
in a spatial filter(2), and then passes through a
collimating lens(3) before reaching the sample located
in the goniometer(4).
gaussian intensity distribution.Masks are then used to
allow only the central 6.28 mm of the beam to pass.This
section of the beam corresponds to the sample size selected
and, as shown in Figure 3.5, has a very uniform intensity
profile.
3.3 The Goniometer
Of all of the features in this BRDF measurement system, it
is the goniometer which is most unique and innovative.The
features which set it apart from those described in Chapter
2 are its full hemispheric coverage, direct angle readout,38
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Figure 3.5 Intensity Distribution for Laser Source.39
the ability to measure and calibrate the incident beam
directly, and the capability for transmissivity measurements
in addition to its primary use in measuring bidirectional
reflectance.
In this BRDF measurement system, it is the goniometer
which defines all of the geometrical relationships between
incident beam, surface of interest, and the sensor.A
review of the drawing which describes BRDF (Figure 1.1)
reveals that if the incident beam is fixed, as it is in this
system, then to have full hemispherical coverage for the
incident beam, the sample must be able to rotate about
mutually perpendicular axes, one of which is also
perpendicular to the incident beam.Likewise, for full
hemispheric coverage of the reflected beam, the sensor must
be able to rotate about mutually orthogonal axes one of
which is parallel to the surface normal.These axes are
shown in Figure 3.6.
In addition to defining the relative angles, the geometry of
the goniometer specifically the radius of the hemisphere
that the sensor describes around the samplealso places
some constraints on sample and sensor size which should be
considered.First, the physical size of the sample cannot
be larger than the radius of that hemisphere.Second, this40
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Figure 3.6Axes of Rotation for the Goniometer.
same distance, in conjunction with the diameter of the
sensor, defines the maximum possible angular resolution of
the goniometer.Third, the hemisphere radius along with the
sample size defines the actual angular resolution for the
reflected beam.
This last consideration stems from the fact that the
sample is finite in size.As shown in figure 3.7, rather
than a single polar angle for the reflected radiation anda
corresponding solid angle to the sensor, there isa range of41
Figure 3.7Sensor-Sample Geometry.For a finite
surface, the angle of reflection (to a fixed sensor) is a
function of position on the sample.
angles from which radiation will be sensed.If the sample
is large relative to the radius of the sensing hemisphere,
the uncertainty of the reflected polar angle will be large.
The final design of the goniometer made use of
commercially available rotational stages for all but the
reflected beam polar angle.A photograph of the apparatus,
Figure 3.7, shows the device.The polar angle of the
(fixed) incident beam is varied by changing the angle of the
milling machine head (A) on which the goniometer (with the
sample and sensor) sits.The azimuthal angle of the
incident beam is varied using the rotational stage (B) to
which the sample is attached.Note that the entire sensor42
Figure 3.8A Photograph of the Goniometer.
positioning system is also attached to this stage so thatas
the sample is moved to change the incident beam direction,
the sensor stays in the same position relative to the
sample.
The sensor azimuthal angle is varied using another
rotational stage (C).The sensor polar angle is varied
using the only custom built part of this goniometer,a
100-mm-radius arc which carries the sensor (D).This arc is43
mounted offset from the axis of the rotational stages (B)&
(C)to avoid interference with the incident beam.The
sensor is mounted on the end of the arc and can be moved
through 90 degrees by moving the arc through its guideway.
In operation, this arrangement is particularly
convenient because the sensor is readily positioned directly
in line with the incident beam thus allowing a direct
measurement of the incident beam intensity.
3.4 The Sensing System
The sensing system consists of the physical sensing device,
the signal conditioning equipment required to convert the
sensor output into a useful signal, and the readout device.
A number of devices are available which are appropriate for
use as radiation sensors: photomultiplier tubes, silicon
photodiodes, indium arsenide detectors, germanium detectors,
lead salt detectors, thermopile detectors, and pyroelectric
detectors.These devices are well described in the
literature [DeWitt and Nutter, 1988; Eckert and Goldstein,
1976; Oriel, 1992; Melles Griot, 1993].Since the
wavelength to be used had already been selected, the choice
of a sensor was immediately narrowed to detectors witha44
good response at the selected wavelength of 632.8 nm.This
included the photomultiplier tube and silicon
photodetectors.
Photomultiplier tubes have been used in a great deal of
experimental radiative heat transfer work.They are more
sensitive than any other detector in the visible and near
ultraviolet (uv) range and until the relatively recent
development of high sensitivity solid state photodetectors,
they have been the sensor of choice.However, they are not
particularly compact (an important consideration given the
design of the goniometer), they operate at a very high
voltage, and they are expensive.
Photodiodes, on the other hand, can be extremely
compact, require only a dropping resistor as an external
circuit, and are very inexpensive.These devices consist of
a photoconducting material deposited on a substrate.A thin
layer of p-material is diffused onto a substrate of
n-material to form a p-n junction.In the presence of light
(or an applied voltage), equilibrium between the two regions
is upset and a current flows if the device is connected into
a circuit [Melles Griot, 1993].The particular type of
photodiode selected for this application was a silicon
junction photodiode.45
The characteristics of this device that make it
particularly attractive for this application are its size,
the lack of required external circuitry, and the fact that
its output is linear with incident energy over a range of
nearly seven orders of magnitude.Although approximately
100 times less sensitive than a photomultiplier tube, the
sensitivity of a silicon photodiode is still adequate for
many low-level applications.
A difficulty when using any type of light detector is
that of filtering out the noise resulting from ambient or
reflected light.Two approaches were used in this research.
The first was to operate in the dark and to use black, light
absorbing material to mask all output from the source except
that going directly to the sample.The results using this
approach were very satisfactory but a great deal of care was
required to eliminate all sources of extraneous light that
could reach the sensor.It was also a little bit more
difficult operating in the dark.
The second approach was to modulate the incident beam
at a known frequency and then amplify and read only the
signal at that frequency using a lock-in amplifier.The
incident beam was modulated with a chopper,a slotted disc
that rotates to physically interrupt the incident beam at46
regular intervals.The frequency of interruption was
measured directly with a light emitting diode (LED) source
and detector mounted at the disc.The modulated signal from
the sensor was then connected to a lock-in amplifier along
with the reference signal from the chopper.The lock-in
amplifier amplifies the entire signal from the sensor and
then combines it with the reference signal from the chopper.
The signal that results is the original signal shifted down
in frequency by the reference frequency; the chopped signal
is now essentially a DC voltage which can be separated from
all spurious signals (which still have an AC component) by
means of a low pass filter.The DC voltage is then passed
on to a sensitive voltmeter where the value of the sensor
output is displayed.A block diagram of this entire sensing
scheme is shown in Figure 3.9.
This technique for noise rejection is very powerful.
In this application it makes possible operation of the BRDF
measurement system in ambient light while providing
sensitivity at a level which allows reading sensor outputs
in the range of nanovolts.The only negative associated
with using a lock-in amplifier is that the noise rejection
technique takes time; for the highest levels of sensitivity,
the time constant for the amplifier is on the order of one
minute.47
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Figure 3.9A Schematic of the BRDF Sensing Scheme.
3.5 Data Collection and Storage
As pointed out in the introduction, the quantities of
data associated with bidirectional reflectance can be
extremely voluminous.For this reason, some level of
automation for the data collection and reduction was
considered an important feature of the BRDF measurement
system.It would also be very desirable to automate the
goniometer so that BRDF measurements could be fully
automated.Unfortunately, although the goniometer was
designed with automation in mind, the budget did not allow48
this feature to be included.Therefore, positioning of the
sample and sensor was done manually using the goniometer and
only the data collection and reduction were automated.
As described in the previous section, the output of the
sensor went to a lock-in amplifier for signal conditioning
and display.The particular lock-in amplifier used (SRI
model 650) was equipped with an IEEE-488 (GP-IB) parallel
bus interface and an on-board microprocessor system to
facilitate communications with a computer.An IBM PC
computer was equipped with a corresponding IEEE-488
interface card built by National Semiconductor and connected
to the lock-in amplifier.
Using an Input/Output oriented version of the BASIC
language (HT-BASIC by TransEra), it was possible to set all
controls on the lock-in amplifier under software control
including gain, phase, pre-filter time constant, post-filter
time constant, etc.Voltage readings from the lock-in
amplifier were also obtained through this communication
interface and stored on disc.
The program used for data acquisition included
provisions for measuring the incident beam intensity, and
for recording the reflected signal level along with comments49
and, of course, the angles defining the position of the
incident beam and the sensor relative to the sample.The
program was also used to calculate and record the BRDF as
data were taken.
Since the lock-in amplifier has a time constant
associated with voltage measurements, a sample and compare
subroutine was used in the data collection program to insure
that the reading had stabilized at a final value.The
definition of "stabilized" could be changed on-the-fly
according to needs during data collection.In general it
was done as a percent of the reading.For example, a
reading would be considered stable if successive readings
varied by no more than 1% of the reading value.When
necessary, however, the definition of stabilized could be
set to mean exactly the same reading on successive scans (in
fact, this was the mode used for virtually all final data
collection).
As data were collected, they were stored on disc in a
serial file of angles, voltages, and comments.The data
were subsequently subjected to further reduction and
analysis routines by a variety of programs.BASIC and
spreadsheet programs were used for some of the interpolation50
and grid fitting required to use the data in a Monte Carlo
model, and MAPLE was used for plotting the data.
A summary of the final bidirectional reflectance
measurement system specifications is included as Appendix B.51.
4.0 SYSTEM OPERATION AND RESULTS
In this chapter, a description of procedures for and
the results of alignment, calibration, and operation of the
BRDF measurement system are presented.Also presented is
an analysis and discussion of the uncertainty of
measurements made with this system.
4.1 Alignment and Calibration
Alignment of a reflectometer involves measurement and
adjustment of the various axes and planes of rotation for
parallelism and perpendicularity.Care in alignment of the
reflectometer is essential; the uncertainty associated with
angular position is directly dependent on the accuracy of
alignment.Because the goniometer allows independent
selection of each of four angles, the four axes about which
rotation may take place must be aligned.In addition, the
incident beam axis, the sensor surface and the sample
surface must also be aligned.It is worth noting that when
originally bolted together, the positioningaccuracy of the
system was within one degree for both the incident beam
directions and the reflected beam directions.52
The tedious and time consuming procedure of detailed
alignment is described in Appendix C.This procedure is
necessary both to maximize accuracy and to have a
quantitative basis for estimating uncertainties.
Calibration of the reflectance measurement system
includes the angular calibration of the goniometer and the
optical/electronic calibration of the sensing system.
Calibration of the goniometer is required to ensure that
the readout provides an accurate indication of the angles
to which it is set.This was accomplished as a part of the
alignment procedure.The angular position uncertainty for
each axis is independent of the other axes and is plusor
minus 0.25 degrees.
Also completed at this time were detailed measurements
for determining the solid angle of viewing for thesensor.
For the 31=2 sensor, the solid angle was 0.0031 Sr and
when a 1=2 sensor was used it was 0.0001 Sr.
Calibration of the intensity measurement systemwas
accomplished through the use of neutral density filters.
The sensor output (volts) is a function of the intensityof
the beam incident on the photodiode. By aligning the
sensor to intercept the source beam directly and then53
inserting neutral density filters in the incident beam to
attenuate the intensity at the sensor, a plot of intensity
vs. voltage was obtained. The optical density of a filter
is defined as the logarithm of the reciprocal of its
transmittance:
D = log(1/T)orT = 10-D
Thus, if a beam is directed at the sensor and then a
variety of filters of known optical density are used to
decrease the beam intensity, a semi-log plot of intensity
as a function of filter density should yield a straight
line.Any deviation would be the result of sensor
non-linearities.
Although an absolute measurement of intensities
could be made, it is acceptable (and much easier) to
calibrate the sensor in terms of a percent of incident
intensity.This approach is acceptable because reflectance
is defined as a ratio of reflected to incident intensity;
i.e.,
sinceIrocVr and IiocVi ,we can write
II Ir(ei,er,0 Vr(Esi3Or,$) px(13i,60)=ii(ei)cos(0i)dti5Vi(0i)cos(Oi)dti554
To do this type of relative calibration, the
goniometer was positioned so that the sensor would receive
light directly from the source.The sensor voltage was
then measured as each of a series of calibrated neutral
density filters was placed in line to reduce the intensity
by a known amount.The output of the photodiode was almost
exactly linear with respect to the intensity incident on
the photodiode(Figure 4.1).
Several other tests were performed to experimentally
confirm measurement system characteristics.These included
tests for system stability and edge detection capabilities.
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Figure 4.1 Calibration of the Sensing System.55
The final item established in preparation for data
collection was testing of the data collection software
routines.Written in HT-BASIC, these routines included
numerous special-function key selections for operator input
during testing, on-screen data presentation as well as
printing and disc recording of the data, and provisions for
recording warm-up data.Programmed calculations were
checked by comparison with hand calculations.Program
logic was evaluated through extensive on-line exercising of
the various program features.A more detailed description
of the data collection software along with the program
listing is included in Appendix D.
Actual operation of the BRDF measurement system was
very straightforward.First a prepared sample was placed
in the adjustable extension sample holder and checked for
correct positioning and alignment in the goniometer.Then
the source and data collection system were turnedon and
allowed to warm up for a minimum of 30 minutes (the data
collection system was used to monitor and record system
stability during the warm-up period).
A schedule for data collection was pre-defined based
on expected characteristics for the sample.If reflection
was of a diffuse nature, a uniform grid with wide spacing56
was planned; if a specular-like reflection was expected
then the grid would be refined to include a fine data
collection grid around the specular direction.This
schedule was not fixed; it could be changed as warranted
during the data collection process.
Although the incident and reflected angles of the BRDF
measurement could be changed in any order, the sequence of
data collection usually used was as follows:
1) Measure the incident intensity directly.
2) Position sample so front surface is at point of
coincidence for all axes.
3) Set incident polar and azimuthal angles.
4) Set reflected azimuthal angle.
5) Scan through reflected polar angles in schedule
collecting reflected intensity data at each
position.
6) Move sample back out of the way andre-measure the
incident intensity.
7) Change the reflected azimuthal angle and repeat
steps 1-7.
8) Change the incident polar angle and repeatsteps
1-8.57
Use of this procedure ensured that data were taken in
an orderly fashion and included regular checks on the
incident beam intensity.The time required to take data
depended on the level of sensitivity required.For the
lowest reflected intensities, a single reflected polar
angle scan (steps 1-6) would take about one hour; for the
highest intensities it could be done in about ten minutes.
4.2 Sample Data for Two Surfaces
As an example of the ways in which the BRDF
measurement system can be used and why variable grid
spacing is important, some data for two different types of
materials are presented: aluminum with striations, anda
quasi-diffuse surface coating.Following this introduction
to actual BRDF data, a detailed description of the
associated uncertainty and alternative procedures for
confirmation of results is then presented.
In Figure 4.2, a plot of BRDF as a function of
reflected polar angle for a striated aluminum surface is
shown.The surface was prepared by starting with a
polished aluminum sample and then subjecting it to
unidirectional sanding with 600 grit emery cloth.The58
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Figure 4.2Data for a Striated Surface.
result was a visibly striated surface.The features of
this plot which are particularly worth noting are theuse
of a semi-log scale and of variable grid spacing.
The semi-log scale is necessary to avoid losing
details at low reflectance levels.This is important for
surfaces which have any sort of specular-like component in
their reflectance which create orders of magnitude change
in BRDF values as a function of direction.It is not
necessary for surfaces which have a very diffuse (i.e.
uniform) reflectance distribution.59
A fine grid spacing is clearly required to define the
sharp specular-like peak.However the use of the fine grid
on the outlying areas, where the reflection is nearly
constant, would take a great deal of time.In the case
shown, if a uniform grid were used with the resolution
required to define the peak, the total number of data
points would increase by a factor of 6.For a full
spectral hemispherical data set that would increase the
number of data points from about 1.6 million for the
coarser 5 degree resolution, to nearly 9.6 million!
The second example of BRDF data, that for a
quasi-diffuse surface, is shown in the 3-D bar plot of
Figure 4.3.The quasi-diffuse surface was obtained by
preparing a smooth aluminum surface (600 grit) and then
applying 3 coats of a commercially available flat white
spray paint (Krylon No. 1502).As can be seen in the
figure, this surface is particularly interesting because
the reflection is very diffuse for incident angles up to
somewhere between 30 and 60 degrees.It then takes on an
increasingly large specular component until at about 80
degrees the specular reflection starts to dominate the
total of the reflected energy.60
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Figure 4.3BRDF Data for a Quasi-Diffuse Surface.
Tabular data for the quasi-diffuse surface are
presented in Appendix E.Three-dimensional representations
of that data are shown in Chapter 5.
4.3 Discussion of Uncertainty
Although the calculation of uncertainty for BRDF
measurements made using this system is a straightforwardprocedure, a review of the calculation as it applies to the
BRDF function will provide some insight with regard to
statements of uncertainty.
Uncertainty is defined in the following way [Kline &
McClintock, 1953]:
af af
1/2
U[(f UX1)2+(UX2)2+(AUX3)2+...±(AUX)1
The function f is the quantity for which the
uncertainty is to be calculated; f=f(xy x2,x3, ...,x0.For
bidirectional reflectance, this function is:
f(Ir, Ii, (33.)=
Ir
iicosOidti5
However, in terms of the variables which are measured
in the experimental determination of BRDF, this becomes
Vr
f(Vr, V- As,
1 r, 0-) = A ViCOSei(r2)
For this function, the expression for uncertainty will have
five terms as follows:
of
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When these terms are put into the expression for
uncertainty, the resulting relationship will yield
different values of uncertainty for different data points.
For example, when uncertainty of BRDF for the quasi-diffuse
surface is calculated, results range from 0.8% to 17%.The
reason for this wide range can be seen in the fifth term of
the function, the one with (cost) in the denominator.
When the incident angle approaches 90°, this term becomes
very large thus making the overall uncertainty very large.
For the quasi-diffuse surface investigated in this study,
this fact about BRDF measurement uncertainty is
particularly significant since the nature of reflectance
for this surface changes dramatically as the incident angle
approaches 90°.A curve indicating typical uncertainty of63
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Figure 4.4Uncertainty of Quasi-Diffuse BRDF Data.
the BRDF data for the quasi-diffuse data is shown in Figure
4.4.
In addition to formal uncertainty calculations, two
other types of checks are readily available for BRDF
measurements.When available, previously reported results
can be compared with the measurements.Unfortunately,
comprehensive BRDF measurements have usually been done only
on special materials for specific applications.To have
data for direct comparison would either require thegood
fortune of having interest in a material whichhad been the
subject of an earlier investigation, or preparing samples
specifically to match earlier studies.64
The second method for checking results is to integrate
the measured BRDF and compare the results with either a
measured directional-hemispherical reflectance or with
previously reported results.Directional-hemispherical
data has been published both in the literature and in
compilations [Touloukian, DeWitt, and Hernicz, 1970].
Both approaches were used with the quasi-diffuse
surface and excellent agreement was obtained. An
integrating sphere was used to make a direct measurement of
reflectance; a value of 0.81 was obtained.Numerically
integrating the BRDF data (as described in the next
chapter) yielded a value of 0.813.In addition, a
directional-hemispherical reflectance for this material
(Krylon No. 6502) is reported as being 0.80 [Touloukian,
DeWitt, and Hernicz, 1970].65
5.0 PREPARATION OF BRDF DATA FOR NUMERICAL CODES
5.1 Introduction
In this chapter, the question of how to present and
use bidirectional reflectance data is addressed.Preparing
the data for use in a numerical scheme requires that either
the data be put into a regular and completely filled grid,
or that the grid used be completely specified for use in
the code.It may also be helpful to put the data into a
graphical form which will aid in visualization.If the
data is to be used in a Monte Carlo program, a probability
function of some sort must be generated.This may take the
form of a look up table of discrete values or, if a
suitable model can be developed, it may be in the form of a
continuous or semi-continuous function.
In the sections that follow, these problems are
addressed in terms of data collected for the quasi-diffuse
surface.The procedures used to put the data set on a
regular grid and to visualize it are described.Procedures
for use of the data in a Monte Carlo code for modeling
radiative transfer are presented.The difficulties
involved in using the simplest of models, the66
specular-diffuse model, are demonstrated.Finally, one
approach for development of a semi-continuous model is
described.
5.2 General Considerations
Problems involving radiative transfer between discrete
surfaces can often be solved analytically when the number
of surfaces is limited and the geometry is straightforward.
The additional required simplification is that surface
properties be modeled using a diffuse gray approximation.
This removes the directional and spectral dependence of
reflectivity and makes possible the development of
analytical solutions for several categories of problems.
One improvement on the diffuse gray approximation which can
still be used with analytical approaches is to replace real
surface properties (something which is neither specular nor
diffuse but somewhere in between) with a combination of
reflectivities, one representing a purely diffuse component
and the other representing a purely specular component
[Modest, 1993].
Another approach, one for which the inclusion of
complete surface property data is a reasonable proposition,67
is to use a Monte Carlo model.This is a numerical model
based on ray tracing and probability distributions to
predict the path and energy levels of a photon as it
travels through an array of discrete surfaces.A large
number of photons are tracked from the entrance plane to
the exit plane to obtain a statistically valid
representation of the radiative transfer throughout the
array. Numerous Monte Carlo codes have been reported
which are good candidates for inclusion of surface property
data [e.g., Drost and Welty, 1991; Maltby and Burns, 1991;
Burns and Pryor, 1989]. For this type of numerical
approach, bidirectional reflectance data can be used to
prepare a discrete probability distribution for use as a
look-up table in the code.In this case, the resolution of
the simulation is a direct function of the resolution of
the look-up-table.Alternatively, the data can be modeled
so that a continuous (or at least semi-continuous)
distribution function can be used to predict bidirectional
reflectance as a function of incident angle.
Regardless of the model used to predict radiative
transfer between surfaces, if detailed surface property
data are to be used, they must first be available.In this
chapter a single type of surface is considered.It is the
previously described quasi-diffuse surface created by68
coating a smooth aluminum substrate with a "flat" white
paint.The bidirectional reflectance of this surface has
been characterized experimentally [Zaworski, Welty and
Drost, 1993].Conventional plots of a portion of these
data are shown in Figure 5.1Note the lack of detail at
low levels in these scalar plots compared with the semi-log
plot shown in Figure 4.3.
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Figure 5.1 BRDF Data for a Quasi-Diffuse Surface.69
5.3 Preliminary Computations
As was pointed out in Chapter 2, virtually all
previously reported bidirectional reflectance data have
been presented in the form of 2-dimensional plots.An
assortment of rectangular, polar, and contour plots with
both linear and logarithmic scales, and with various types
of data coding have been used. All of these plots are
appropriate for presenting quantitative data, but are
difficult to use when trying to visualize the shape of the
reflectance hemisphere for a given incident angle.When
attempting to analytically model experimental data,
visualization can be very helpful.The first step in data
characterization was therefore to construct 3-dimensional
pictures of the BRDF.
The form in which experimental data are available may
vary depending on the apparatus used, but in this case data
are collected in spherical coordinates and have gaps around
the incident beam and at extreme polar angles.
Additionally, the data may not be uniformly distributed
over the hemisphere; data may be sparse in regions of
uniform reflectance and dense around specular-like
reflectance.For the data used in this study, linear
extrapolation was used to extend the data around the hole70
in the incident beam and to obtain values at grazing
angles.The former is in the region of backscattering
where values of reflectance are essentially constant and
linear extrapolation is clearly appropriate.For the case
of grazing angles, however, the error associated with
linear extrapolation is dependent on the incident polar
angle and the reflected azimuthal angle. When the region of
interest is in the specular direction and the incident
angle approaches 90°, the error associated with
extrapolation may be large.
It is interesting to note that a spline fit was tried
with this particular data and it was concluded that linear
interpolation provided a better model [Palmer, 1993].The
reason for this stems from the way in which data were
acquired.A review of Figure 4.2, BRDF data for a striated
surface, indicates that the data were taken on the basis
that straight-line fits between points should be
appropriate.
Having filled in the data grid, the next step was to
develop 3-dimensional plots of the data.Since 3-D plot
routines were available only for rectangular coordinates,
the data were converted from spherical to rectangular form
as follows:71
1)If an "incident beam" was desired, the cell in the
BRDF hemisphere where that beam would come in was
altered by changing the measured (reflected) BRDF
to a value based on the measured incident beam
voltage.
2) The data were read into another HT-BASIC program
(Appendix F)and converted from spherical
coordinates to rectangular coordinates.
3) The data were written to a file in a form
appropriate for use in MAPLE, a mathematical
calculation software package which includes
excellent plotting routines.
The first step was done using spreadsheet software
with each of the angles on an axis and the BRDF data in the
cells.This is a quick way to review data directly to
check that interpolation looks reasonable and to be sure
that the incident beam is inserted in the correct place.
The actual coordinate transformation was done using another
HT-BASIC program which is included in Appendix B.Finally,
the data were plotted using the 3-D PLOT routine in the
MAPLE software.72
The results of these plots are shown in Figures 5.3
and 5.4.These plots show clearly how bidirectional
reflectance varies with incident polar angle.At nearly
normal incident angles, the reflectance is very diffuse in
nature.As the incident angle is increased, a
specular-like component starts to appear at about 40
degrees and grows substantially as the angle increases.
The bidirectional reflectance for this material is
symmetric about the plane of incidence but is clearly a
function of both the incident and reflected polar angles.
Values of bidirectional reflectance average about 0.3 for
the nearly diffuse cases of 0° and 30° incident angle.For
the strongly specular case of an 80° incident angle, the
bidirectional reflectance varies from a low of 0.002 in the
region of backscattering to a value of 4.0 at the
specular-like peak.The uncertainty of these measurements
is generally under 2% with higher values occurring at large
incident polar angles.
A final step in this initial data preparation was the
integration of the BRDF data into a
directional-hemispherical reflectance.The scheme used to
accomplish this is shown in Figure 5.5.73
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Figure 5.2 3-D Plots of BRDF (0° & 30° Incident Angle).
These plots are for an aluminum substrate coated with
Krylon No. 1502 spray paint.The incident beam is from
the direction shown and has a wavelength of 632.8 nm.
The plots are log(BRDF) vs polar and azimuth angles.74
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Figure 5.3 3-D Plots of BRDF (60° & 80° Incident
Angle).These plots are for an aluminum substrate
coated with Krylon No. 1502 spray paint.The incident
beam is from the direction shown and has a wavelength of
632.8 nm.The plots are log(BRDF) vs polar and azimuth
angles.75
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5.4 A Specular-Diffuse Model
As previously noted, one approach to simplifying the data
is to break the reflectance into a combination of specular
and diffuse components.Each component would then
represent a percent of the total reflectance for that
material and those percents could then be used in a Monte
Carlo code as probabilities that a given photon would
reflect either diffusely or specularly.The difficulty in
this process is in the initial step, breaking the
reflectance into two components.
As shown in Figure 5.6, the approach used with these
data was to consider the backscattering to be
representative of the diffuse component.This half of the
reflectance hemisphere was then mirrored to the forward
scattering direction to result in a complete diffuse
component of the reflectance.To obtain the specular
component of the reflectance, this diffuse component was
subtracted from the original total reflectance hemisphere.
This procedure must be repeated for each incident angle for
which separated data are desired.
The specular-diffuse model for bidirectional reflectance
has some attractive features:it is easy to use in a Monte77
V
Figure 5.5Specular-Diffuse Separation Procedure.78
Carlo model and the described technique is a
straightforward process for separating the diffuse and
specular components.Unfortunately, there are some serious
drawbacks to this model. First, the model is not an
accurate representation for a large part of the properties
of the quasi-diffuse surface.Wherever there is a
non-diffuse component (incident angles greater than about
40 degrees), it is clear that the non-diffuse component is
not specular in nature.Rather than being a single ray
with all of the specular energy concentrated in a single
direction, the quasi-specular component has spread in both
the polar and the azimuthal directions.
Second, the arbitrary selection of the backscattering
portion of the hemisphere to represent the diffuse
component can lead to some difficulties.In the case of
the Krylon flat white paint, there are portions of the
reflectance plot where subtracting the 'diffuse component'
from the total will result in regions of negative
reflectance as part of the specular component.
Although the separation algorithm could be modified to take
care of the problem of negative specular reflectance, the
third difficulty with the specular-diffuse model makes
further improvements a moot point.That is, when used in a79
Monte-Carlo model, it doesn't work particularly well
[Zaworski, Palmer, Welty,& Drost, 1994].When the
reflection from a surface is modeled as being specular, all
of the energy is reflected in one directionthere is none
of the spread which exists in the real surface.As a
result, the importance of the specular component is
overemphasized in each reflection from a surface.
5.5 A Quasi-Specular/Diffuse Model
The final model for bidirectional data to be presented
is a continuous model.It is based on fitting the data to
curves which are a function of incident angle only.These
curves describe (a) the change in diffuse and specular
component magnitudes with incident angle,(b) the polar
angle spread of the specular component as a function of
incident angle, and (c) the corresponding azimuthal angle
spread of the specular component.The final result was a
collection of probability functions which were used in a
Monte Carlo code as a model of the measured bidirectional
surface properties.80
The following paragraphs provide a description of the
process used to develop this model from the original BRDF
data.
1. Prepare the original BRDF data as described in Section
5.3 so that a complete, three-dimensional
representation of the data exists on a uniform grid.
2. For each incident angle for which there are data,
split the hemispherical reflectance into a diffuse and
specular component as described in part 5.4.Fit the
magnitudes of the diffuse components for all incident
angles to a single curve to get a function for diffuse
component as a function of incident angle.Do the
same for the specular component.At this point, what
has been developed is a specular/diffuse model which
is a continuous function of incident angle.
3. Next, recognize that for each incident angle, there is
a corresponding specular direction and that the
quasi-specular component of the reflectance has a
polar angle spread about that direction.Fit the
collection of polar angle spreads (one for each
incident angle) to a curve which is a function of the
incident angle.Now the model, still continuous, can81
reproduce for any incident angle the diffuse and
specular components of BRDF with some spread of the
specular component in the polar direction.
4. Finally, apply the same procedure as in the last step,
but for the azimuthal spread of the specular
component.Now the model consists of a sum of
functions, each continuous and dependent only on
incident angle, which will produce a reasonable
likeness of the original data.
Application of this procedure is a non-trivial
process.Prior to addressing the challenge of fitting
curves to experimental data, arbitrary decisions must once
again be made about interpretation of the data.To
separate the diffuse and specular components, an arbitrary
decision was made to take the backscattering portion of the
reflectance as representative of the energy reflected
diffusely from the surface.Now, similar judgments must be
made to assign a single number to the spread of the
specular beam in the polar direction and another single
number to the azimuthal spread.The approach used in this
study was to define the spread angle as being that angle
which is one standard deviation from the peak.For
additional detail about this quasi-specular/diffuse model,82
see the mathematical description of the model inAppendix
G.
5.6 Using the Properties Model
The basic approach to radiation modeling with a Monte
Carlo Code is to track a photon or photon bundle assuming
that it travels in a straight line until it strikes an
object such as a wall, or perhaps a molecule or particle if
a participating medium is involved.When a collision
occurs, the results of that collision are determined by
generating random numbers as required and applying them to
probability functions that describe the likelihood of the
photon being absorbed, reflected diffusely, generating
emission of a photon at a different wavelength, etc.Once
the results of the collision have been determined, the
photon leaving the collision is tracked as before until it
experiences another collision.Because this process is
based on the probability of certain events happening at
each collision, a large enough number of photons must be
tracked to make the results statistically significant.
The surface properties model developed in the previous
section would be applied to determination of the outcome of83
collisions with the surface.Once it has been determined
that a photon with a given amount of energy has struck a
surface, the procedure for evaluating the outcome of that
collision would be as follows:
1. The surface will probably not be a perfect reflector;
some of the photon's energy will be absorbed.The
first step, then, is to determine the quantity of
energy that the photon will have when it is reflected.
Recall that the hemispherical absorptance is one minus
the hemispherical reflectance.So then
Eout=Wei)Ein=(1-P1(0±))Ein
2.The photon (with its energy reduced due to
absorption) is either specularly or diffusely
reflected from the surface.A random number is
generated and applied to the probabilities provided by
the surface properties model to determine which way
the photon is reflected.
3a.If the photon is reflected diffusely, then its
direction is immediately determined using another
random number.The polar angle for the outgoing
photon is generated from the diffuse distribution84
function and the azimuthal angle is chosen by picking
a random number in the interval 0 to 360 degrees.
3b.If the photon is reflected specularly, the direction
is defined by the incident direction:
Or=0i andOr=0i+n
In addition the polar and azimuthal spread of the
quasi-specular reflection must be determined.Using
the model described in the previous section,
determination of the actual direction for the exiting
photon will require the use of two more distribution
functions.First, a random number is generated and
applied to the distribution function for the polar
angle, and then another random number is generated to
apply to the azimuthal angle function.
Having determined the new energy level and direction
of the photon, it is then tracked geometrically until
another collision occurs.Then the entire process is
repeated.A more detailed description of this procedure is
appended to the quasi-specular/diffuse model description
included in Appendix G.85
6.0 SUMMARY AND CONCLUSIONS
Bidirectional reflectance is a fundamental property
for radiative transfer analysis.From it, the additional
useful properties of directional-hemispherical reflectivity
and absorptivity are readily obtained.However, its use in
radiative transfer problems has been very limited because
of the overwhelming magnitude of the data involved in
completely describing the reflectance of a single surface.
Contemplation of the effort required both to collect the
data to characterize the reflectance of a single surface
and then to put them into a form that is readily useful for
analysis can indeed be intimidating.In this work some
tools to ease the burden of data collection and reduction
have been developed and a case is made for more common use
of bidirectional reflectance data in radiative analysis.
Recognizing that use of the data in analytical procedures
is likely to be very limited, some tools for use of the
data in numerical models, specifically Monte Carlo
radiative transfer models, have been developed as well.
A bidirectional reflectance measurement system has
been designed to allow rapid, accurate collection of
reflectance data.The system can accommodate many
variations in the source and sensor combination to allow
data collection at virtually any wavelength of radiation86
that would be of interest in radiative transfer analysis.
The features that make this reflectometer particularly
useful are:(1) complete hemispherical coverage with the
exception of a small cone around the incident beam and a
small band at the base of the hemisphere where the polar
angles approach 0 and 90 degrees respectively,(2) high
sensitivity for use with low reflectance materials,(3) the
ability to easily use any type of source for the incident
beam,(4) direct reading of the four angles that define
incident and reflected directions, and (5) adaptability for
use in transmissivity measurements.
The data reduction and presentation procedure that has
been developed puts the data into a form which aids in
visualizing the reflectance properties of a surface, and
which allows ready use of the data in numerical analysis
schemes.In addition, three possible methods for using the
data in a Monte Carlo model are presented.
The work presented here provides information on the
measurement and use of bidirectional reflectance data which
should make its use a more common event in engineering
analysis.There are some readily accomplished enhancements
to the existing equipment which would take things a step
further in that direction.The entire data collection87
system could be fully automated.This would involve
automation of the positioning system and some extensions to
the existing data collection program.Automation would
allow full characterization of a sample's reflectance in a
matter of hours instead of the weeks required for manual
operation.The data reduction and model development
procedure could also be compiled into a single program and
coupled with the data collection system so that data
representations and models are available as fast as the
data are collected.
Regardless of whether or not these improvements are
made, the methods presented here represent a significant
step toward the regular use by engineers of the fundamental
radiative property of bidirectional reflectance.E8
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A = surface area
D = optical density
dA = differential area
E = energy of a photon bundle
I = intensity
r = radius
T = transmittance
U = uncertainty
V = voltage
Greek
a = absorptivity
P = reflectivity
X = wavelength
0 = polar angle
0 = azimuthal angle
M = solid angle
Superscripts
//
Subscripts
directional
bidirectional
9192
incident
reflected
X = Spectral
in = associated with an incident beam
out= associated with a reflected beam93
Appendix BBRDF System Specifications
A BRDF measurement system has been designed which is a
substantial improvement over previously reported systems.
Qualitatively, it is easy to use, makes use of commercially
available parts, is readily adaptable to other types of
sources and sensors, and provides high quality
bidirectional reflectance data.Quantitatively, the
measurement system has the following specifications:
Source
Radiation Generator: 5mW He-Ne laser
Operating Wavelength: 632.8 nm
Incident Beam Diameter: 6.28 mm (collimated)
Incident Beam Stability: +/- 0.7% (30 min. warmup)
Comment: QTH source and Xenon laser were also
evaluated
Sample
Size: 6.28 mm diameter
Mounting: bonded to a 0.5 in. diameter post
Material: solid (powders require a container)
Comment: Sample size is limited by source beam
diameter94
Goniometer:
Axes of Rotation: four
Goniometer/BRDF angle relationships: Direct
Resolution: 0.5 degree (all axes)
Coverage: full hemisphere
Comment: Incident beam intensity is measured directly
Sensors:
Detector Type: Silicon Photodiode
Detector Size: 31 -mm2 and 1-mm2 detectors were used
Detector Operating Mode: Photovoltaic
Comment: Adaptable to other sensors
Voltmeter:
Type: Lock-in Amplifier
Sensitivity: 10-nV
Resolution: 1-nV
Comment: Use of a sensitive DMM was also demonstrated95
Appendix CBRDF System Alignment Procedure
The BDRF measurement system includes an optical axis,
four rotational axes on the goniometer, and the sample
axes.Alignment requires that these axes be either
parallel or perpendicular to each other (depending on which
pair is being considered) and that they all be coincident
at a single point.
The optical table on which the entire measurement
system was mounted was used as a reference plane.
Throughout the alignment process, all measurements were
made relative to this plane.The sequence in which
alignment was completed was as follows:
1) Align the source optics (laser, spatial filter,
collimating lens and masks so that the desired
incident beam is parallel to the optical table on
which the apparatus is mounted and passes through the
(vertical) axis of rotation of the incident polar
angle rotation stage.
2) Align the 1st axis, the incident beam polar angle axis,
so that it is perpendicular to the incident beam for
all incident beam angles.96
3) Align the 2nd axis, the incident beam azimuthal axis,so
that it is parallel to and coincident with the
incident beam when the incident angle is 0°.
4) The 3rd axis is the reflected beam azimuthal axis and it
must also be aligned so that it is parallel to and
coincident with the incident beam when the incident
angle is 0°.
5) The last axis on the goniometer is the axis about which
the sensor is rotated to change its polar angle. this
4th axis should be aligned so that its axis is
parallel to and coincident with the incident polar
angle axis when the incident azimuthal angle is set to
0° and the reflected azimuthal angle is at 90°.
6) Check the alignement of all axes by examining location
of a spot on the sample as goniometer is rotated
through full range of motion.When correctly aligned,
the spot should not move.Appendix DData Collection Program
The data collection program used with the BRDF
measurement system was written in HT-BASIC, a version of
BASIC oriented towards insturment I/O.It runs on an
IBM-PC equipped with an IEEE_488 card and expectes to be
communicating via this interface with a lock-in amplifier.
This program accepts manual data entry for the manual part
of the system settings (all positioning angles) and
automatically takes intensity data, records it with the
position data, and then prints the results on both the
screen and paper.A listing of the program follows:
10 !DATA COLLECTION PROGRAM FOR LOCK-IN AMPLIFIER
20
30 !INITIALIZE
40
50 ASSIGN @Prt TO PRT
60 ASSIGN @Crt TO CRT
70 CLEAR 7
80 OPTION BASE 1
90 DIM Comment$[80]
100 Theta i=0
110 Phi_i=-0
120 Theta_r=0
130 Phi r=0
140Volts=0
150New=0
160 Old=0
170 !
180 !SETUP STARTING INFORMATION AND DISPLAY FORMATS
190 !
200OUTPUT @Prt;"DATA SET STARTING "&TIME$(TIMEDATE)&",
";DATE$(TIMEDATE)98
210OUTPUT @Crt;"DATA SET STARTING "&TIME$(TIMEDATE)&",
";DATE$(T1MEDATE)
220OUTPUT @Prt USING "///"
230 Lineformat: IMAGE
8A,2X,THETA I=",2D,2X,"PHI I=",3D,2X,"THETA R=",2D,2X,"P
HI R=",3D,5X,"nV=",9D
240 !
250 Lockin: !GET LOCK-IN READY TO GO
260 !
270ASSIGN @Lockin TO 723
280OUTPUT @Lockin;"IO" !PUT LOCK-IN INTO REMOTE MODE
(FRONT PANEL ACTIVE)
290OUTPUT @Lockin;"Dl" !SET DYNAMIC RANGE TO NORMAL
300OUTPUT @Lockin;"L1,1" !INSERT LINE FREQ NOTCH FILTER
310OUTPUT @Lockin;"G23" !SET 200mV SENSITIVITY
320OUTPUT @Lockin;"RO" !SET TRIGGER FOR RISING EDGE
330OUTPUT @Lockin;"T1,9" !SET PRE FILTER TO 10 SEC.
340OUTPUT @Lockin;"T2,2" !SET POST-FILTER TO 1 SEC
350 !
360 !SET UP SOFT KEY OPTIONS
370 !
380 Soft_keys: !
390USER 1 KEYS
400ON KEY 1 LABEL "THETA I" GOTO Theta_i
410ON KEY 2 LABEL "PHI_I" GOTO Phi_i
420ON KEY 3 LABEL "THETA_R" GOTO Theta_r
430ON KEY 4 LABEL "PHI_R" GOTO Phi_r
440ON KEY 5 LABEL "TAKE DATA" GOTO Scan
450ON KEY 6 LABEL "COMMENT" GOTO Comment
460ON KEY 7 LABEL "ENTERREF VOLT" GOTO Ref volt
470ON KEY 8 LABEL " STOP" GOTO Cleanup
480 !
490 Dummy: !
500 Clock$=TIME$(TIMEDATE)
510 OUTPUT @Lockin;"Q"
520 ENTER @Lockin;Volts
530 Volts=Volts*1000000000
540 DISP USING
Lineformat;Clock$[1,8],Theta_i,Phi_A,Theta_r,Phi_r,Volts
550 IF Clock$[7,8]="00" THEN
560 BEEP 1000,.2
570 WAIT .2
580 BEEP 1000,.2
590 WAIT .2
600 BEEP 1000,.2
610 END IF
620 WAIT 1
630 GOTO Dummy
640 !
650 !
660 Comment: !99
670 OFF KEY
680 ON KEY 6 LABEL "DONEWRITING" GOTO Soft keys
690 LINPUT "COMMENT? ",Comment$
700 OUTPUT @Prt;"! ";Comment$
710 OUTPUT @Crt;"! ";Comment$
720
730 GOTO Soft keys
740 !
750 !
760 Theta_i: !
770 INPUT "THETA I = ",Theta i
780 GOTO Dummy
790 Phi i: !
800 INPUT "PHI R = ",Phi r
810 GOTO Dummy
820 Theta r: !
830 INPUT "THETA R = ",Theta r
840 GOTO Dummy
850 Phi r:
860 INPUT "PHI R = ",Phi r
870 GOTO Dummy
880 !
890 !
900 Scan: !
910 Old=0.
920 New=0.
930 REPEAT
940 Old=New
950 OUTPUT @Lockin;"Q"
960 ENTER @Lockin;New
970 New=New*1000000000
980 REPEAT
990 Clock$=TIME$(TIMEDATE)
1000 IF Clock$<>Oldclock$ THEN
1010 DISP Clock$
1020 Oldclock$=Clock$
1030 END IF
1040 UNTIL Clock$[8,8]= "0 "!OR Clock$[8,8]="5"
1050 DISP USING
Lineformat;Clock$[1,8],Theta_i,Phi_i,Theta_r,Phi_r,New
1060 WAIT 5
1070UNTIL INT(Old)=INT(New)
1080 !
1090 OUTPUT @Crt USING
Lineformat;Clock$[1,8],Theta_i,Phi_i,Theta_r,Phi_r,New
1100 OUTPUT @Prt USING
Lineformat;Clock$[1,8],Theta_i,Phi_i,Theta_r,Phi_r,New
1110 !
1120GOTO Dummy
1130 !
1140 !100
1150 Ref_volt:!
1160Vzero=0
1170REPEAT
1180 Old=Vzero
1190 OUTPUT @Lockin;"Q"
1200 ENTER @Lockin;Vzero
1210 Vzero=Vzero*1000000000
1220 REPEAT
1230 Clock$=TIME$(TIMEDATE)
1240 IF Clock$ < >Oldclock$ THEN
1250 DISP Clock$
1260 Oldclock$=Clock$
1270 END IF
1280 UNTIL Clock$[8,8]="0"!OR Clock$[8,8]="5"
1290 DISP TIME$(T1MEDATE),"REFERENCE VOLTAGE IS
";Vzero;"nVOLTS"
1300 WAIT 2
1310UNTIL INT(Old)=INT(Vzero)
1320OUTPUT @Prt;"REFERENCE VOLTAGE (nVOLTS) = ";Vzero;"
";T1ME$(TIMEDATE)
1330OUTPUT @Crt;"REFERENCE VOLTAGE (nVOLTS) = ";Vzero;"
";TIME$(TIMEDATE)
1340 !
1350
1360 GOTO Dummy
1370 !
1380 !
1390 Cleanup: !
1400OUTPUT @Prt;"DATA SET ENDING " &TIME$(TIMEDATE) & ",
";DATE$(TIMEDATE)
1410OUTPUT @Crt;"DATA SET ENDING "&TIME$(TIMEDATE)&",
";DATE$(TIMEDATE)
1420END101
Appendix EBRDF Data for Krylon 1502 Spray Paint
Bidirectional reflectance was measured for a polished
aluminum substrate (600 grit) coated with three layers of
Krylon No. 1502 flat white spray paint.Measurements wre
made using the system described in this document.A 31mm2
sample and a 31mm2 sensor were used and the radius between
them measured 120.9mm.The source was a HeNe laser
operating at 632.8nm.The beam was expanded to 200mm
diameter and only the central 10mm diameter was used to
irradiate the sample.
The data that follows are in-plane data; the incident
beam, a normal to the surface, and the measured reflected
direction are all in the same plane.
BRDF DATA FOR KRYLON #1502
THETA I PHI _I THETA R PHI _R BRDF
0.0 0.0 6.0 0.0 0.3930
0.0 0.0 10.0 0.0 0.3739
0.0 0.0 20.0 0.0 0.3230
0.0 0.0 30.0 0.0 0.2688
0.0 0.0 40.0 0.0 0.2266
0.0 0.0 50.0 0.0 0.1804
0.0 0.0 60.0 0.0 0.1333
0.0 0.0 70.0 0.0 0.0821
0.0 0.0 80.0 0.0 0.0330
0.0 0.0 85.0 0.0 0.0100
15.0 0.0 0.0 0.0 0.3669102
THETA I PHI _I THETA R PHI _R BRDF
15.0 0.0 21.0 0.0 0.3094
15.0 0.0 30.0 0.0 0.2712
15.0 0.0 40.0 0.0 0.2338
15.0 0.0 50.0 0.0 0.1925
15.0 0.0 60.0 0.0 0.1441
15.0 0.0 70.0 0.0 0.0923
15.0 0.0 80.0 0.0 0.0403
15.0 0.0 85.0 0.0 0.0174
25.0 0.0 0.0 0.0 0.3368
25.0 0.0 7.0 0.0 0.3251
25.0 0.0 30.0 0.0 0.2871
25.0 0.0 40.0 0.0 0.2414
25.0 0.0 50.0 0.0 0.1983
25.0 0.0 60.0 0.0 0.1486
25.0 0.0 70.0 0.0 0.0960
25.0 0.0 80.0 0.0 0.0448
25.0 0.0 85.0 0.0 0.0216
30.0 0.0 0.0 0.0 0.2893
30.0 0.0 10.0 0.0 0.2769
30.0 0.0 20.0 0.0 0.2730
30.0 0.0 35.0 0.0 0.2366
30.0 0.0 40.0 0.0 0.2111
30.0 0.0 50.0 0.0 0.1720
30.0 0.0 60.0 0.0 0.1300
30.0 0.0 70.0 0.0 0.0832
30.0 0.0 80.0 0.0 0.0356
30.0 0.0 85.0 0.0 0.0163
45.0 0.0 0.0 0.0 0.2819
45.0 0.0 10.0 0.0 0.2772
45.0 0.0 20.0 0.0 0.2681
45.0 0.0 30.0 0.0 0.2561
45.0 0.0 36.0 0.0 0.2182
45.0 0.0 50.0 0.0 0.2016
45.0 0.0 60.0 0.0 0.1462
45.0 0.0 70.0 0.0 0.0944
45.0 0.0 80.0 0.0 0.0448
45.0 0.0 85.0 0.0 0.0205
60.0 0.0 0.0 0.0 0.2810
60.0 0.0 10.0 0.0 0.2787
60.0 0.0 20.0 0.0 0.2641
60.0 0.0 30.0 0.0 0.2492
60.0 0.0 40.0 0.0 0.2361
60.0 0.0 50.0 0.0 0.2128
60.0 0.0 65.0 0.0 0.1458
60.0 0.0 70.0 0.0 0.1116
60.0 0.0 80.0 0.0 0.0536
60.0 0.0 85.0 0.0 0.0277
70.0 0.0 0.0 0.0 0.2710
70.0 0.0 10.0 0.0 0.2691103
THETA I PHI _I THETA R PHI _R BRDF
70.0 0.0 20.0 0.0 0.2663
70.0 0.0 30.0 0.0 0.2562
70.0 0.0 40.0 0.0 0.2298
70.0 0.0 50.0 0.0 0.2179
70.0 0.0 60.0 0.0 0.1879
70.0 0.0 75.0 0.0 0.1082
70.0 0.0 80.0 0.0 0.0719
70.0 0.0 85.0 0.0 0.0415
80.0 0.0 0.0 0.0 0.2799
80.0 0.0 10.0 0.0 0.2830
80.0 0.0 20.0 0.0 0.2735
80.0 0.0 30.0 0.0 0.2656
80.0 0.0 40.0 0.0 0.2409
80.0 0.0 50.0 0.0 0.2140
80.0 0.0 60.0 0.0 0.1884
80.0 0.0 70.0 0.0 0.1229
80.0 0.0 85.0 0.0 0.0292
85.0 0.0 0.0 0.0 0.2666
85.0 0.0 10.0 0.0 0.2689
85.0 0.0 20.0 0.0 0.2727
85.0 0.0 30.0 0.0 0.1975
85.0 0.0 40.0 0.0 0.1746
85.0 0.0 50.0 0.0 0.1520
85.0 0.0 60.0 0.0 0.1297
85.0 0.0 75.0 0.0 0.1074
0.0 0.0 7.0 180.0 0.3304
0.0 0.0 10.0 180.0 0.3155
0.0 0.0 20.0 180.0 0.2703
0.0 0.0 30.0 180.0 0.2320
0.0 0.0 40.0 180.0 0.1965
0.0 0.0 50.0 180.0 0.1579
0.0 0.0 60.0 180.0 0.1163
0.0 0.0 70.0 180.0 0.0707
0.0 0.0 80.0 180.0 0.0281
0.0 0.0 85.0 180.0 0.0083
15.0 0.0 10.0 180.0 0.3320
15.0 0.0 20.0 180.0 0.3061
15.0 0.0 30.0 180.0 0.2576
15.0 0.0 40.0 180.0 0.2082
15.0 0.0 50.0 180.0 0.1639
15.0 0.0 60.0 180.0 0.1178
15.0 0.0 70.0 180.0 0.0719
15.0 0.0 80.0 180.0 0.0287
15.0 0.0 85.0 180.0 0.0095
25.0 0.0 10.0 180.0 0.3169
25.0 0.0 20.0 180.0 0.3246
25.0 0.0 30.0 180.0 0.3075
25.0 0.0 40.0 180.0 0.2269
25.0 0.0 50.0 180.0 0.1731104
THETA I PHI _I THETA R PHI _R BRDF
25.0 0.0 60.0 180.0 0.1228
25.0 0.0 70.0 180.0 0.0723
25.0 0.0 80.0 180.0 0.0287
25.0 0.0 85.0 180.0 0.0102
30.0 0.0 10.0 180.0 0.3075
30.0 0.0 20.0 180.0 0.3186
30.0 0.0 30.0 180.0 0.3066
30.0 0.0 40.0 180.0 0.2529
30.0 0.0 50.0 180.0 0.1927
30.0 0.0 60.0 180.0 0.1408
30.0 0.0 70.0 180.0 0.0838
30.0 0.0 80.0 180.0 0.0354
30.0 0.0 85.0 180.0 0.0150
45.0 0.0 10.0 180.0 0.2885
45.0 0.0 20.0 180.0 0.2969
45.0 0.0 30.0 180.0 0.3392
45.0 0.0 40.0 180.0 0.3754
45.0 0.0 50.0 180.0 0.3349
45.0 0.0 60.0 180.0 0.2342
45.0 0.0 70.0 180.0 0.1026
45.0 0.0 80.0 180.0 0.0415
45.0 0.0 85.0 180.0 0.0145
60.0 0.0 10.0 180.0 0.2750
60.0 0.0 20.0 180.0 0.2752
60.0 0.0 30.0 180.0 0.2724
60.0 0.0 40.0 180.0 0.2901
60.0 0.0 50.0 180.0 0.3420
60.0 0.0 60.0 180.0 0.3564
60.0 0.0 70.0 180.0 0.3041
60.0 0.0 80.0 180.0 0.1714
60.0 0.0 85.0 180.0 0.0513
70.0 0.0 10.0 180.0 0.2721
70.0 0.0 20.0 180.0 0.2651
70.0 0.0 30.0 180.0 0.2638
70.0 0.0 40.0 180.0 0.3298
70.0 0.0 50.0 180.0 0.5451
70.0 0.0 60.0 180.0 1.0528
70.0 0.0 70.0 180.0 1.5446
70.0 0.0 80.0 180.0 1.0558
70.0 0.0 85.0 180.0 0.3010
80.0 0.0 10.0 180.0 0.2423
80.0 0.0 20.0 180.0 0.2339
80.0 0.0 30.0 180.0 0.2387
80.0 0.0 40.0 180.0 0.3025
80.0 0.0 50.0 180.0 0.5756
80.0 0.0 60.0 180.0 1.4394
80.0 0.0 70.0 180.0 3.6337
80.0 0.0 80.0 180.0 5.0258
80.0 0.0 85.0 180.0 2.6974105
THETA I PHI _I THETA R PHI _R BRDF
85.0 0.0 10.0 180.0 0.2455
85.0 0.0 20.0 180.0 0.2357
85.0 0.0 30.0 180.0 0.2404
85.0 0.0 40.0 180.0 0.3178
85.0 0.0 50.0 180.0 0.6349
85.0 0.0 60.0 180.0 1.6673
85.0 0.0 70.0 180.0 4.5877
85.0 0.0 80.0 180.0 10.7504
85.0 0.0 85.0 180.0 25.5357
85.0 0.0 0.1x:1 0.0 0.2666
85.0 0.0 10.0 0.0 0.2689
85.0 0.0 20.0 0.0 0.2727106
Appendix FCoordinate Transformation Program
The listing that follows is the program used to accept
spreadsheet BDRF data in spherical coordinates and convert
it to a rectangular coordinate system for plotting using a
3-D plotting routine.The data is expected in the form
"datain(I,J)" where datain(,) is the BRDF value,I is the
reflected polar angle (in 5 degree increments) and J is the
azimuthal angle (also in 5 degree increments). The
program was written in Microsoft QBASIC.
Program XYZ
DIM datain(72, 19)
DIM dataoutx(72, 19)
DIM dataouty(72, 19)
DIM dataoutz(72, 19)
Pi = 3.14159
REM
REM *** read data inspherical coordinates from file ***
REM
PRINT "Reading in spherical coordinate data."
OPEN "c:\joe\EIGHTY.txt" FOR INPUT AS #1
OPEN "c:\maplev2\out.txt" FOR OUTPUT AS #2
FOR i = 0 TO 72
FOR j = 0 TO 18
INPUT #1, datain(i, j)
NEXT j
NEXT i
REM
REM *** convert to rectangular coordinates ***
REM
PRINT "Converting it to rectangular coordinates."
FOR i = 0 TO 72
FOR j = 0 TO 18
phi = i* 5 * Pi / 180
theta = j* 5 * Pi / 180
dataoutx(i, j) = datain(i, j)* SIN(theta)* COS(phi)107
dataouty(i, j) = datain(i, j)* SIN(theta)* SIN(phi)
dataoutz(i, j) = datain(i, j)* COS(theta)
NEXT j
NEXT i
REM
REM *** now print the data in x-y-z- form back to a file
* * *
REM
PRINT "Writing x-y-z data to file."
PRINT #2, "bdrf :=[";
FOR i = 0 TO 72
PRINT #2,"[";
FOR j = 0 TO 17
PRINT #2,"[";
PRINT #2, USING
j)
"##.###,";dataoutx(i,j);dataouty(i,
PRINT #2, USING"##.###";dataoutz(i,j)
PRINT #2, "],";
NEXT j
PRINT #2,"[";
PRINT #2, USING
j);
"##.###,";dataoutx(i,j);dataouty(i,
PRINT #2, USING"##.###";dataoutz(i,j)
PRINT #2, "]],";
NEXT i
PRINT #2, "]];"
REM
CLOSE #1
CLOSE #2
END108
Appendix GQuasi-Specular/Diffuse Model
The first step in the conversion of bi-directional
reflectivity (BRDF) data into a form that can be used in
Monte Carlo simulations is to put the data into a uniform
grid in 0i,(4,and 0.The form in which experimental data
are available may vary depending on the apparatus used, but
typically it is in spherical coordinates (p11,0,0) with
gaps around the incident beam and at extreme polar angles.
Additionally, it may not be uniformly distributed over the
hemisphere (data may be sparse in regions of uniform
reflectivity and dense around specular-like reflectivity).
For the data used in this study, linear extrapolation
was used to extend the data around the hole in the incident
beam and to obtain values at Or=n/2.The former is in the
region of backscattering where values of reflectivity are
essentially constant and linear extrapolation is clearly
appropriate.For the case where Or the error
associated with linear extrapolation is a function of the
incident polar angle and the reflected azimuthal angle;
when the region of interest is in the specular direction
and the incident angle approaches n/2, the error associated
with extrapolation may be large.109
Once the data are available on a uniform rectangular
grid in (il..and Oi ,they must be put into a form that is
appropriate for use in the code.In this work, advantage
was taken of the fact that the surface being considered
exhibits azimuthal symmetry about the incident plane.For
each incident angle data point, Oi, the reflectivity was
broken into specular and diffuse components.Values of e4
in the interval 05847c/2 represent backscattering in the
direction of the incident beam; values in the interval
-n/2584 50 represent forward scattering .The portion of
the BDRF in the interval 05E4. 57c/2(backscattering) is
taken to represent the diffuse component of the BRDF and is
denoted as pp(Or,0i).If the tabulated values of the BRDF
in the interval-7c/204 .0are labeled by the function
pet(4,0i), then the specular component of theBRDF can be
defined as
Vs(er, ei)=PH(--er, ei)PD(er, Oi).
Note that having separated the diffuse and specular
components, it is now convenient to go back to the
conventional spherical coordinate system.
This quasi-specular component is defined for valueson
the interval 0505_7c/2.If any of the calculated values of110
Ps(er, 0i) turn out to be less than zero, they are set equal
to zero.Before this quasi-specular component ofthe
reflectance distribution can be used, it is necessary to
broaden it out in both thee and the 0 directions.To do
this,the quasi-specular distribution is fit to a gaussian
distribution.For the azimuthal direction, the peak of
this distribution is centered around 0r=1C.The
distribution of BRDF in Oaround the peak for a given
incident angle Oi is fit to the form
_ehr_702/2a2
BeiN)r)=Ae +h
where A, ao, and h are adjustable parameters.The
dependence of Goon the incident angle Oi, is taken as
linear so that ao(0i)=a(ei-n/2).The value of a is
determined from a least squares fit to the data.Using
this parameterized form of a0(3i), the specular component of
the reflectivity now has the form
Ps(er, Or, ei)=Vs(Or,91)e-Or-ir)/2a(f,(0i)
The functions pD(er,ei) andps(er, Or, ei) can now be
used in the Monte Carlo code.The total diffuse and
specular reflectivities are:
RD(E)i) = 27rficr/ 2 Pd(er, 0i)dcos(er)111
Rs(01)=1Vpis(8r,ei)dcosergne(or-10212t4(8i)
Rs(0i) = I2ic54)(9i)ino/ 2 pfs(Or,,ei)dcosOr
The numerical integrations over Or are performed using
the trapezoid rule.The functions Rd(8i) and Rs(01) should
satisfy the inequality
RD(Cii)+Rs(ei) 5_ 1
for all values of Oi.The difference represents the
absorptivity for incident angle Oi.If the sum of the
diffuse and specular reflectivities is greater than one for
any value of Oi, the absorptivity is assumed to be zerom
otherwise, the absorptivity is
A(01) = 1(RD(0i)+Rs(00)
Once the functions A(0i), RD(Oi), Rs(i), and pD(Oi, Or)
have been calculated, it is possible to model photon
collisions using the following scheme:
1. Each photon is assigned an 'energy' parameter ep that
tracks the absorption of photons.At the beginning of each
trajectory, ep is set equal to one.
2. Whenever a photon hits a surface with incident angle Oi,
the energy parameter is reduced by112
elp=ep((l-A(0i)).
3. The photon is either specularly or diffusely reflected
with the relative probabilities
Ri (0) =
Rpoi)
D1RD(0D+Rs(ei)
=
R3(91)
RD(13i)+Rs(ei)
The choice of specular or diffuse is made by
generating a random number 0<x1 .If cl:ti/D(0i) then the
photon is diffusely reflected, otherwise it is specularly
reflected.
4a. If the photon is diffusely reflected, the polar angle
for the outgoing photon is generated from the distribution
pp(er, 0i) and the azimuthal angle is chosen by picking a
random number in the interval(0,2n).
4b. If the photon is specularly reflected, the outgoing
angle is generated from the gaussian distributions
Pe(00-e-(er-ti)2/2692(0i)
Po(3r)-e-Or-702 /2602(ei)113
These distributions can be generated from a standard
gaussian random number generator.If the variable Or does
not lie in the allowed range of values (0,n/2), then Or is
rejected and a new value is chosen.